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ABSTRACT: Colloidal particles have been used extensively for stabilizing oil—water
interfaces in petroleum, food, and cosmetics industries. They have also demonstrated
promising potential in the encapsulation and delivery of drugs. Our work is motivated
by challenging applications that require protecting and transporting active agents across
the water—oil interfaces, such as delivering catalysts to underground oil phase through
water flooding for in situ cracking of crude oil. In this Research Article, we successfully
design, synthesize, and test a unique type of bicompartmental targeting vehicle that
encapsulates catalytic molecules, finds and accumulates at oil—water interface, releases
the catalysts toward the oil phase, and performs hydrogenation reaction of unsaturated
oil. This vehicle is based on colloidal dimers that possess structural anisotropy between
two compartments. We encapsulate active species, such as fluorescent dye and catalytic
molecules in one lobe which consists of un-cross-linked polymers, while the other
polymeric lobe is highly cross-linked. Although dimers are dispersible in water initially,
the un-cross-linked lobe swells significantly upon contact with a trace amount of oil in
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aqueous phase. The dimers then become amphiphilic, migrate toward, and accumulate at the oil—water interface. As the un-
cross-linked lobe swells and eventually dissolves in oil, the encapsulated catalysts are fully released. We also show that
hydrogenation of unsaturated oil can be performed subsequently with high conversion efficiency. By further creating the
interfacial anisotropy on the dimers, we can reduce the catalyst release time from hundred hours to 30 min. Our work
demonstrates a new concept in making colloidal emulsifiers and phase-transfer vehicles that are important for encapsulation and

sequential release of small molecules across two different phases.
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B INTRODUCTION

Colloidal particles that are partially wettable to both oil and
water tend to adsorb at an oil—water interface. Once adsorbed,
they are very stable because of the high energy barrier of
desorption," which offers a great advantage over molecular
surfactants. As such, micro- and nanoparticles have long been
used in the Ipetroleum, cosmetic, food, and pharmaceutical
industries’™ " to stabilize emulsions and foams against
coalescence. However, the stabilization energy of a particle
with homogeneous surface pro}z)erties depends sensitively on its
contact angle at the interface,'* which is often difficult to tune
precisely.

Better control of the particle wettability can be achieved if its
surface can be tailored differently on two sides of the particle,
that is, the so-called Janus particle.">”'” For example, when one
side is coated with hydrophilic molecules and the other side is
hydrophobic, the Janus particle can mimic the amphiphilic
nature of molecular surfactants faithfully. Recent work using
Janus spheres as colloidal emulsifiers'® >° have shown
significant advantages over isotropic particles. The spherical
geometry, however, is still far from ideal. It is widely known
that the geometric balance between the hydrophilic and
lipophilic parts of molecular surfactants largely dictates different
morphologies that theg can pack into and influences their
emulsification behavior.”! Motivated by this, very recently, Park
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and Lee”®** performed theoretical calculations on the attach-
ment energy of colloidal dimers, whose interfacial and
geometric asymmetry can be, in principle, tailored independ-
ently. They have found that amphiphilic dimers can adopt
upright or tilted orientations at the oil—water interface,
depending on the relative difference in both diameter and
hydrophilicity between two lobes. Recent experiments appear
to support the theoretical findings.****

Although most studies focused primarily on the adsorption of
particles at oil—water interfaces, in many applications it is also
important to transfer species such as molecules and nano-
particles across the interface.’*”> For example, drug-carrying
vehicles that can enter various types of biological barriers from
plasma can revolutionize modern diagnostic and therapeutic
technologies. Our research here is motivated by a similar
problem facing the petroleum industry in extracting unconven-
tional hydrocarbons such as heavy o0il.>° In spite of its immense
resource, only 15% percent of yearly oil production is from
heavy oil due to its notoriously high viscosity. Conventional
water flooding fails because less viscous water can easily find
pathways to flow through a reservoir (i.e., the fingering effect)
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and leave pockets of oil behind. Even if heavy oil is extracted to
the surface, its viscosity must be kept low for transportation in
pipelines. Therefore, the Society of Petroleum Engineers®”>'
has recently identified that downhole delivery of nanocatalysts
for in situ conversion of heavy oil into a lighter grade could be a
game-changing technology. The central task for realizing in situ
cracking is the delivery of catalytic species into the oil phase
through downhole porous media. This process has two
competing constraints: the catalysts must first be dispersed in
water and then delivered underground through water flooding;
later they need to accumulate in the oil phase for subsequent
catalytic reactions such as low-temperature oxidation or partial
hydrogenation. It is particularly challenging for catalysts since
they usually are not amphiphilic in nature. Surface function-
alization could be detrimental to their catalytic activities.>”
Here, we design, synthesize, and test a unique type of
bicompartmental targeting vehicle that can fulfill this
challenging task for oil-phase delivery of catalysts. As shown
in Figure 1, the targeting vehicle is designed based on a two-
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Figure 1. Schematic of the bicompartmental vehicle (colloidal dimer)
targeted for delivering catalysts to oil phase underground. (a) One
compartment is hydrophilic and highly cross-linked, while the other
one is non-cross-linked and oil-swellable. (b) The vehicle transports
through water flooding, adsorbs at the oil—water interface, and swells
significantly in oil. (c) The hydrophobic compartment eventually
dissolves in oil and releases catalysts for subsequent hydrogenation.

compartmental polystyrene particle where one non-cross-linked
compartment encapsulates the catalysts. The other compart-
ment consists of highly cross-linked polymer. Although the
vehicle is hydrophilic and dispersible in water initially, it can
become amphiphilic because the non-cross-linked compart-
ment swells in oil easily. This will enable the vehicle to
transport through the aqueous phase; seek and then attach to
the oil—water interface. Furthermore, the non-cross-linked
compartment is designed to swell significantly and dissolve in
oil eventually, which will facilitate the targeted release of
catalysts into the oil phase.

B EXPERIMENTAL METHODS

Chemicals. Styrene, divinylbenzene (DVB), sodium 4-vinyl-
benzenesulfonate, polyvinylpyrrolidone (PVP, M,, = ~40 000), sodium
dodecyl sulfate (SDS), 3-aminopropyltriethoxysilane, Oil Red O,
chlorotris(triphenylphosphine)rhodium(I)) (the Wilkinson’s catalyst),
palladium(II) acetate (Pd(OAc),), and n-dodecyltriethoxysilane are
purchased from Sigma-Aldrich. 3-(Trimethoxysily) propyl acrylate
(TMSPA) is purchased from Tokyo Chemical Industry (TCI). The
thermal initiator V6S is bought from Wako Chemicals. All chemicals
are used as received except that both styrene and divinylbenzene are
purified by aluminum oxide before usage.

Synthesis of Polystyrene Dimers. The synthetic route we use to
make colloidal dimers is based on seeded emulsion polymerization.*®
We prepare the seed polystyrene (PS) spheres by dispersion
polymerization.>* After we clean the PS seeds four times via
centrifugation at 4000 rpm (30 min), we can further use these seeds

for making cross-linked PS spheres. In brief, we use a tip sonicator
(Branson digital sonifier 450) to make an aqueous emulsion. The
aqueous phase consists of 4 mL of 5 wt % PVP and 0.5 mL of 2 wt %
SDS. The oil phase is made up of 1 mL of styrene, 0.05 mL of DVB,
0.05 mL of 3-trimethoxysily propyl acrylate, and 0.02 g of V65. We mix
the emulsion with 1 mL PS seeds (10 wt %) for 24 h, then put the
swollen seeds in an oil bath (70 °C) for another 24 h for
polymerization. We then clean these cross-linked PS via centrifugation
for four times again. By further swelling the cross-linked PS with an
emulsion of styrene, PS dimers can be formed. We can tune the size of
the newly formed lobe (i.e., the second lobe) by adjusting the amount
of styrene to swell the cross-linked PS seeds. Finally, we perform
polymerization at 70 °C overnight to solidify the second (non-cross-
linked) lobe.

Dye/Catalyst Encapsulation. To encapsulate Oil Red O,
palladium(II) acetate, or the Wilkinson catalysts in the non-cross-
linked lobe, we mix 0.5 mL of styrene, 2 wt % V65, and variable
amounts (from S to 100 mg/mL) of the above molecules. They are
emulsified in an aqueous solution of 4 mL of 5 wt % PVP and 0.5 mL
of 2 wt % SDS. The emulsion is then used to swell 1 mL cross-linked
PS seeds (1 wt %) for ~24 h. Subsequently, polymerization is
performed at 70 °C for another 24 h. The synthesized dimers are then
cleaned four times via centrifugation.

Surface Modification. The incorporation of vinylsilane molecules
(e.g, TMSPA) in the cross-linked lobe allows us to modify its surface
properties after the dimer encapsulation and synthesis. For example,
we add 1 mL of 0.1 wt % dimers and 100 uL of n-
dodecyltriethoxysilane into an ethanol/water mixture (95:5 vol %),
with stirring for 24 h at room temperature. We then wash the particles
by methanol four times via centrifugation (2000 rpm for 20 min).

Rhodamine 6G coating on polystyrene dimers. We mix 1 mL
of dimer (0.5 wt %) with 12.5 uL of rhodamine 6G solution (0.25 wt
%) overnight. Then we centrifuge the particles four times before taking
fluorescent images.

Biphasic Delivery. We put equal amount (1—2 mL) of toluene
and water in a glass vial. Dimers with different encapsulated molecules
are then injected to the water phase. Typically, the vial is sit on the
bench without disturbance during the delivery. Occasionally, we put
the vial on a rotator with constant rotation of 50 rpm to accelerate the
delivery time.

Hydrogenation of Olefin. We mix 40 uL of octene, styrene, or
butyl acrylate with 2 mL of toluene, as the oil phase. After the catalyst
molecules are released from the dimers, we collect 1 mL of the upper
oil phase, dilute it 10 times with toluene, and carry out the
hydrogenation reactions in a closed chamber, where hydrogen gas is
injected at 2 bar. The hydrogenation takes place at 80 °C for 1 h.

Characterization. The morphologies of conventional dimers are
characterized by scanning electron microscopy (JEOL JSM-7000F).
To ensure dye encapsulation, dimers are also imaged by fluorescent
microscopy. We also use nuclear magnetic resonance (JEOL ECA-
500) to detect the existence of dissolved polystyrene chains in oil
phase. The encapsulation efficiency of the Wilkinson’s catalysts in the
dimers is determined by the following procedures. Since the
equipment (ICP-OES PerkinElmer Optima 5300 DV) we use is
only capable of quantifying the metal ion concentration in aqueous
solution, we need to dissolve the metal salts in water. After all the
catalysts in the dimers are delivered to the oil phase, we take 10 yL of
liquid from the oil phase and dilute it with 990 uL of toluene. We then
evaporate all toluene in 1 mL of the above solution (with 100 times
dilution of the original oil phase) at S0 °C. Subsequently we add S mL
of water and 2 mL of 30% hydrogen peroxide in the vial and heat for 1
h (100 °C). This process can be repeated for multiple times until a
clear solution is obtained, when the organic compounds in the catalytic
molecules are fully decomposed. We then add 10 mL of 2% HNO; to
dissolve the metal ions in aqueous solution. Afterward, we use
inductively coupled plasma optical emission spectroscopy (ICP-OES
PerkinElmer Optima 5300 DV) to measure the metal concentration in
the solution. Finally, we calculate the catalyst encapsulation efficiency
based on the amount of metal salts delivered to the oil phase and the
amount of particles we injected in the vial. In the calculation, we
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assume that all catalysts in the dimers are released to the oil phase. To
quantify the degree of conversion of olefins, we use a gas
chromatography—mass spectrometry (GC-MS Varian 1200L) with
triple quad analyzer to analyze the compositions of the oil phase after
the hydrogenation experiments.

B RESULTS AND DISCUSSION

Dimer Synthesis and Active-Agent Encapsulation.
Figure 2 summarizes the synthetic routes we follow to make
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Figure 2. Synthetic route of polystyrene dimers encapsulating different
molecules. (a) Synthesis of conventional polystyrene dimers.
Fluorescent image shows that the negatively charged dimers absorb
positively charged fluorophores (i.e., rhodamine 6G) uniformly. (b)
The fluorescent image shows selective encapsulation of Oil red O in
the un-cross-linked lobe. The SEM image shows the large-field view of
polymerized dimers. (c) Encapsulation of two molecular catalysts in
the un-cross-linked lobe. Scale bar for all images: 2 ym.

both conventional polystyrene dimers and those encapsulated
with different kinds of active agents. The conventional dimers
are synthesized based on a seeded emulsion polymerization
method.>***73 We first swell polystyrene spheres with styrene,
divinylbenzene, and a small amount of vinylsilane (e.g, 3-
(trimethoxysily) propyl acrylate) to make cross-linked poly-
styrene spheres, that is, the seeds. In the second stage, styrene is
used again to swell the seeds. As shown in Figure 2a, the elastic
energy of the cross-linked polymer prevents itself from
isotropic swelling, induces a phase separation between the
monomer and the seeds, and gives rise to the second
(monomer) lobe. Further polymerization will solidify the
second lobe and generate dimers with high monodispersity. To
prevent dimer aggregation in water, we add a small amount of
ionic monomer (e.g, sodium 4-vinylbenzenesulfonate) when

synthesizing the seed PS spheres. Interestingly, when we swell
the cross-linked seeds with styrene again, some poly(sodium 4-
styrenesulfonate) chains migrate toward the second lobe. Later
we will exploit this property for oil-phase delivery of catalytic
molecules. This is evidenced by the fluorescent image in Figure
2a, where the positively charged fluorophores (Rhodamine 6G)
are absorbed uniformly on both lobes. The surface charges
arising from sulfonate functional groups stabilize polystyrene
dimers in water. Although the dimer has very similar surface
and bulk compositions in both lobes, their physical properties
are inherently different. One lobe is made of highly cross-linked
(e.g, 5%—20%) polymer while the other lobe primarily consists
of linear chains.

As shown in Figure 2b and 2¢, the synthetic recipe for
conventional dimers can be conveniently modified to
encapsulate different kinds of oil-soluble molecules in the
second and non-cross-linked lobe. As a proof of principle, we
mix styrene with a fluorescent molecule Oil Red O (ORO),
which is then used to swell the cross-linked seed particles. The
fluorescent image in Figure 2b clearly demonstrates the
selective encapsulation of ORO in the second lobe. The
large-field SEM image in Figure 2b also shows that the
encapsulation does not interfere with the dimer synthesis in
general and the particle monodispersity can be preserved. We
further apply the similar synthetic strategy to encapsulate two
other types of molecular catalysts Pd(OAc), and RhCI(PPh,),.
Both of them are common catalysts for hydrogenation of
alkenes. When Pd(OAc), is loaded close to its solubility limit in
styrene (~S mg/mL), the second lobe undergoes significant
buckling (Figure 2c-i) during the polymerization stage. This is
probably caused by the poor compatibility between polystyrene
and Pd(OAc),* The morphologies of dimers that encapsulate
RhCI(PPh;);), however, are similar to conventional dimers
(Figure 2c-ii).

Structural Emulsifier. We first study the behavior of the
conventional polystyrene dimers (without any encapsulation or
surface modification) in a mixture of toluene and water. Since
the dimers possess a uniform distribution of sulfonate groups
on their surfaces, they are well dispersed in the aqueous phase
initially (Figure 3a). They sediment to the bottom of the vial
within ~1 day because of their large size (~1.6 ym for both
lobes) and higher density (~1.05 g/cm?) than water. Afterward,
they surprisingly migrate to the water—toluene interface. After
~72 h, no particle is left at the bottom and both oil and water
phases are clear. Essentially all dimers are trapped at the
interface. To understand what happens, we examine the shape
of dimer particles using an optical microscope. Figure 3b shows
that the dimers are symmetric initially. As time progresses, one
of the lobes becomes significantly larger due to swelling by
toluene, while the other lobe barely changes its size. Therefore,
the autonomous movement of our dimers toward the toluene-
water interface can be understood by the physical anisotropy in
the dimers. Toluene, although immiscible with water, has a
small solubility of 0.52 g/L at 25 °C. This trace amount of
toluene in water is sufficient enough to preferentially swell the
non-cross-linked lobe because of the much favorable mixin
enthalpy between toluene and linear polystyrene chains.*"*
When sufficient amount of toluene is absorbed in one lobe, the
dimer not only becomes amphiphilic but lighter than water. For
instance, if the non-cross-linked lobe doubles its size from 1.6
to 3.2 um because of swelling, the dimer density will change
from 1.0 to 0.91 g/cm’. Buoyancy can drive the particles
toward the toluene-water interface. Since the cross-linked lobe
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Figure 3. (a) Time evolution of the conventional polystyrene dimers
in water/toluene biphasic solution. The scales on the ruler are in cm.
(b) Optical image of dimers at the interface in different time. The non-
cross-linked lobe absorbs oil significantly. Scale bar: 2 ym. (c) Oil
phase composition affects the migration of polystyrene dimers toward
the interface. At time zero, the upper phases in three vials are (1)
50%:50% mixture of cyclohexane and hexane, (2) 100% cyclohexane,
and (3) 100% hexane, respectively. The bottom phase is water (with
dimers) in all vials.

is nonswollen and remains hydrophilic, the dimers stay at the
interface.

Our experiment demonstrates that the conventional
polystyrene dimers can be used as colloidal emulsifier even
without modifying its surface property. We note that it
represents a different kind of emulsifier than other kinds of
colloidal surfactants, which often need to have a contact angle
close to 90°.'57173%43% Our dimers are hydrophilic initially
and they can be easily dispersed in aqueous phase. They,
however, quickly convert into amphiphilic particles by
absorbing even a trace amount of oil. In fact, the amphiphilicity
becomes quite strong since oil essentially soaks into one of the
lobes while the other remains hydrophilic. Because the behavior
of our dimers is primarily due to the structural difference (i.e.,
cross-linked vs non-cross-linked) between two lobes, we coin
them structural emulsifiers. Another noticeable difference
between our dimers and conventional emulsifiers is the
buoyancy effect since the oil-swollen particles can become
lighter than water, which helps them find the oil phase under
natural conditions in underground reservoirs.

We notice that the structural emulsifier works under two
conditions: (1) colloids need to be swollen by oil at least

partially; (2) oil must have some solubility in water. When we
change the upper oil phase into linear hydrocarbons, such as
hexane, our dimers remain settled at the bottom of the vials
because of its negligible solubility in water (9.5 mg/L) and poor
compatibility with polystyrene (Figure 3c). However, when the
oil phase is 100 % cyclohexane or even an equal volume
mixture of cyclohexane and hexane, the dimers are able to move
toward the water—oil interface. Since crude oil is often a
mixture of linear, cyclo, and aromatic hydrocarbons,45’46 our
dimers could find potential applications in enhanced oil
recovery. Moreover, the concept presented here can be
extended to other oil—water systems if the particle is made of
copolymers with both linear and aromatic repeating units, so
that it can be swollen by both types of hydrocarbons.
Furthermore, unlike conventional colloidal stabilizers whose
interfacial properties are homogeneous, the surface properties
of two lobes on the dimer particle can be modified
independently, which will be discussed later.

Oil-Phase Delivery and Hydrogenation. The initially
hydrophilic nature of our dimers makes them easily dispersible
in water. This is advantageous because those dimers can be
transported underground through water flooding, which is
commonly used to displace residual oil in reservoir formation.
With encapsulated molecular catalysts in the non-cross-linked
lobe, our dimer becomes a delivery vehicle that can both find
oil and release catalysts to the oil phase for in situ cracking. To
demonstrate this concept, we first test the oil-phase delivery of
dye molecules. Shown in Figure 4, the dye is initially
encapsulated in the non-cross-linked (larger) lobe, rendering
the water phase red. The particles gradually move toward the
interface when they are swollen by trace amount of toluene in
water. Once they are at the interface, the dye molecules diffuse
out of the non-cross-linked lobe into the oil phase. One
hundred percent phase transfer is complete after ~1 week when
the water phase becomes clear. By examining the particles at
the final stage (Figure 4b), we find that the non-cross-linked
lobes eventually disappear, indicating that they dissolve
completely in the oil phase. The NMR spectra shown in
Figure 4c further demonstrate that polystyrene chains (as
characterized by the expected resonance for the aromatic
proton peaks near 7.1 and 6.6 ppm) can be found in the oil
phase but not the water phase. We note that the dissolvability
of the non-cross-linked lobe will allow potential encapsulation
and release of much larger species such as catalytic nano-
particles in addition to molecular catalysts, which will be tested
in future.

We further investigate the oil-phase delivery of organo-
metallic salts which can catalyze the hydrogenation of olefins.
Although two salts (Pd(OAc), and RhCI(PPh;);) have been
encapsulated successfully, we primarily focus on the latter (i.e.,
the Wilkinson’s catalyst) because it has higher solubility (10 wt
%) in styrene. We inject dimer particles into the aqueous phase
in a vial where oil is separated on the top. We then use two
different methods to test the oil-phase delivery of catalysts: a
static process where the vial sits still on a bench (similar to the
dye release experiment, Figure Sa-i) and a dynamic process
where the vial is put on a rotator and is subject to a constant
rotation speed of SO rpm (Figure Sa-ii). Clearly, rotation
induces a mild degree of mixing, which significantly decreases
the amount of time (10 times faster) for complete release of the
catalysts. In fact, this release time can be further decreased by at
least 2 orders of magnitude when we modify the surface
property of the dimers, which will be shown later. The amount
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Figure 4. (a) Time evolution of the Oil Red O encapsulated dimers in
a mixture of toluene and water. (b) When t = 0, both fluorescent and
bright-field microscopy images show that the dye is encapsulated in
the large and non-cross-linked lobe. At t & 177 h, the non-cross-linked
lobes eventually dissolve in the oil phase. Scale bar for all images: 2
um. (c) "H NMR spectra of both oil and water phases. Note that the
peak around 7.24 ppm in both images corresponds to the solvent
chloroform we use for NMR characterization. The peak near 1.55 ppm
corresponds to the residual water.

of Wilkinson’s catalysts in the oil phase can be determined by
the inductively coupled plasma optical emission spectroscopy.
For 1 mL of 1 wt % dimers, they deliver ~486 ppm catalysts in
2 mL of toluene. This corresponds to ~12% encapsulation
efficiency. Considering that many small polystyrene spheres are
formed during the second stage of the dimer synthesis (because
of the homogeneous nucleation effect), we believe that catalysts
are also encapsulated in these small particles which are then
separated from dimers during centrifugation.

After the catalysts are delivered into the oil phase, we
perform the hydrogenation reaction for three different kinds of
a-olefins, that is, styrene as a model for aromatics, octene for
linear hydrocarbons, and butyl acrylate for unsaturated esters.
Forty microliters of olefins is each dissolved in separated vials
of 2 mL of toluene where the Wilkinson catalysts have already
been delivered through dimers (see Experimental Methods for
details). The mixtures are then heated to 80 °C under 2 bar of
hydrogen gas (Figure Sb). After 1 h, we stop the reaction and
take the oil phase for GC-mass spectrometry. As shown in
Figure Sc, we find that both styrene and octene reach 100%
conversion to ethylbenzene and octane, respectively. For butyl
acrylate, its conversion to butyl propionate is ~84.5%. Clearly,

T=80°C

(c) GC mass spectrum before and after hydrogenation

GCounts before 5 GCounts after
3
2
1
1
0 mins mins
55 5.75 6.0 6.25 5.5 5.75 6.0 6.25

Figure 5. Oil-phase delivery of the Wilkinson’s catalyst and
hydrogenation reaction. (a) RhCI(PPh;); encapsulated in dimers is
transported from water (bottom phase) to oil (top phase). The glass
vial was (i) put on a bench without disturbance or (i) put on a rotator
with a constant rotation speed of S0 rpm. (b) Schematics illustrate the
oil-phase delivery and hydrogenation using dimers. Red dots represent
the catalysts. The insets show corresponding microscopy images of the
particles. Scale bar: 2 ym. (c¢) GC mass spectra of the substrate
(styrene) and product (ethylbenzene) before and after the hydro-

genation of styrene.

the high conversion rates prove that our dimer system is
capable of performing oil-phase catalytic reactions by delivering
the encapsulated catalysts from water to oil.

Dimer Surface Modification. We notice that, in our
previous experiments, it takes at least several days for dimers to
migrate toward the oil—water interface. The time depends on
the diffusion of toluene through water phase toward the
particles, which have sedimented at the bottom of the vial. The
diffusivity of toulene D is ~9.1 X 107% cm?/s in water. If the
height of water phase H is ~1.5 cm, it will take t & H*/D =~ 50
h for toluene to diffuse through, which is consistent with our
experimental observation. This time significantly delays the
process for complete release of the encapsulated agents.
Although we have shown that this process can be sped up by
introducing agitation to mix toluene with water (Figure Sa-ii), a
more efficient way is to modify the surface properties of the
dimers, so that they are amphiphilic on surface property.

The bicompartmental nature of dimers allows us to tune the
interfacial hydrophobicity easily. As illustrated in Figure 6a,
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(a) surface modification
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Figure 6. (a) Selective attachment of n-dodecyltriethoxysilane on the
cross-linked lobe renders the dimer amphiphilic. Fluorescent images
show the absorption of rhodamine 6G before and after surface
modification. Scale bar is the same for both images: S ym. (b) Dye
release from the amphiphilic dimers. The first four snapshots show
that the amphiphilic dimers accumulate at the interface immediately
after injection. All encapsulated dye release to the oil phase within 30
min.

when making the cross-linked seeds, we purposely add a small
amount of vinylsilane molecules, that is, the 3-(trimethoxysily)
propyl acrylate. This incorporation allows us to modify the
surface properties of the cross-linked lobe after the
encapsulation of active agents and dimer synthesis. For
example, via the conventional sol—gel coupling reaction,*” we
can attach n-dodecyltriethoxysilane molecules on the cross-
linked lobe so that it becomes more hydrophobic. Since the
non-cross-linked lobe remains hydrophilic because of the
sulfonate functional groups (Figure 2a), the surface-modified
dimers are amphiphilic. We further prove the amphiphilicity by
absorbing positively charged fluorophores on dimers before and
after the surface modification. As indicated by the images in
Figure 6a, the modified dimers show a significant decrease in
fluorescence intensity on the cross-linked lobe because of its
hydrophobic surface. As Figure 6b and Supporting Information
movie 1 show, these amphiphilic dimers go to the oil—water
interface immediately even when we inject the particle solution
into the water phase. This also significantly reduces the amount
of time for agent release, which takes place less than 30 min
after the injection.

B CONCLUSIONS

We develop a new type of bicompartment and phase transfer
vehicle for molecular catalysts based on colloidal dimers. The
polymer in one lobe is cross-linked while the other one is not.
Because of this structural anisotropy, we show that dimers can
be surface active. Although they are initially dispersible in water,
the dimers migrate to the oil—water interface upon contact with
a trace amount of oil. This is because the un-cross-linked lobes
can be swollen significantly by oil, rendering the dimers
amphiphilic. By further encapsulating active species such as
fluorescent dye and catalytic molecules in the un-cross-linked
lobe selectively, we demonstrate that the dimers can be used as

a delivery vehicle to transfer catalysts from water to oil. The
successful release of catalysts is further confirmed by hydro-
genation of unsaturated oil with high conversion efficiency.
Moreover, the phase-transfer time can be significantly reduced
when we combine both interfacial and structural anisotropy on
the dimer vehicles. The advantages of this new type of colloidal
emulsifier and delivery vehicle include: (1) the initial dispersity
of particles in water ensures high particle stability and sufficient
loading of catalysts or active molecules; (2) the particles do not
release materials until they are located at the interface. The
active molecules are fully protected until they reach the
destination; (3) compared with isotropic particles, the surface
properties of our delivery vehicles can be tuned anisotropically
on two lobes. Our work demonstrates a new concept in making
colloidal emulsifiers and phase-transfer vehicles. The bicom-
partmental particles developed here could find applications for
encapsulation and sequential release of small molecules across
two different phases.

B ASSOCIATED CONTENT

© Supporting Information

Movie showing the n-dodecyltriethoxysilane modified Oil red
O encapsulated dimers go to the toluene—water interface
immediately after injection to the water phase. This material is
available free of charge via the Internet at http://pubs.acs.org.
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